Abstract: Coronal limb malalignment is an important contributing factor to articular cartilage damage and to the development of knee osteoarthritis. Osteotomies around the knee are effective and well-recognized treatments for unloading the affected compartment. Valgus malalignment is less common than varus malalignment. Consequently, distal Femoral Osteotomies to correct the valgus knee are less commonly performed compared to high tibial osteotomy (HTO) for the varus knee. There are few papers describing the outcomes of distal femoral osteotomy (DFO) to treat valgus knee alignment and knee arthritis. In literature, there is still an open debate about the correct indication and contraindication, the best surgical technique (opening versus closing wedge), the amount of correction to achieve and the use of bone grafts to enhance osteotomies healing. However, with the correct indications, Distal Femoral Osteotomies showed good outcomes in the treatment of valgus knee. The aim of this manuscript is to review the literature about DFO in the valgus knee, summarizing the indications and contraindications, the available surgical techniques, outcomes, complications and failure rates.
Introduction
Lower limb alignment is an important contributing factor to the development of knee arthritis, and it is related to the articular cartilage wear pattern (1) .
Osteotomies around the knee are a well-recognized treatment for symptomatic unicompartmental knee arthritis associated to lower limb malalignment in young and active patients, with the attempt to preserve the native knee joint and delay knee arthroplasty (2, 3) .
Genu varum is the most common knee malalignment, and good results have been described in literature for high tibial osteotomy (HTO) performed to treat medial unicompartmental knee arthritis in varus malalignment (4) .
Valgus malalignment is less common compared to varus malalignment. Excess of physiological valgus (5°-8°) leads to mechanical overload of the lateral compartment, increasing the risk of lateral knee osteoarthritis development. Valgus deformity can be idiopathic or secondary to other pathologies (i.e., metabolic disorder, rheumatoid arthritis, rickets, poliomyelitis) or to a previous lateral tibial plateau fracture (5) .
Some authors performed proximal tibial osteotomy to correct the valgus deformity but unsatisfactory results have been reported (6) . This is probably because valgus deformity is often associated with hypoplastic lateral femoral condyle and with a joint line that slopes from superolaterally to inferomedially in the anterior-posterior plane. This deformity cannot be corrected unless the osteotomy is performed proximally to the joint (6, 7) . Coventry, in 1973 , established that if valgus deformity is greater than 12° or if the joint plane deviate more than 140° from the horizontal one, a distal femoral osteotomy (DFO) should be performed rather than an HTO to correct the deformity (3). 
, Roberto Rossi
The available literature regarding DFO is limited and heterogeneous, but good clinical outcomes have been reported in different studies (8) (9) (10) (11) . However, there are still some debated issues, such as the best surgical technique (closing or opening-wedge osteotomy), the type of fixation, the amount of correction to achieve, and the need for a biological graft to fill the osteotomy gap (7) .
The purpose of this article is to review the literature about DFO, trying to clarify the correct indications, outcomes and survival rates of different surgical techniques.
Indications and contraindications
The correct patient's selection is the first step to achieve good clinical outcomes after a DFO. A complete knee examination should be performed to identify pathological conditions associated with valgus deformity, such as meniscal pathology, patellofemoral diseases and ligamentous instability.
In literature there is not a unique cut-off for patient's age: for O'Malley DFO should be performed in patients younger than 55 years (12) , for Tírico in patients younger than 60 years (13) and for Puddu in patients younger than 65 years (14) . However, not only the age should be considered but also lifestyle, general health and the desire to stay active. Therefore, the ideal candidate for a DFO is an active patients younger than 65 years old (3) .
DFO should be performed only in presence of valgus malalignment associated with isolated lateral compartment arthritis. It is still debated in literature whether patellar osteoarthritis should be considered a contraindication to perform a DFO. A varus opening wedge DFO may reduce the Q angle unloading the patellofemoral lateral compartment (3). Zarrouk et al., in their analysis of 26 DFOs, demonstrated that patients with patellofemoral osteoarthritis had comparable results to the others patients at the final follow-up (15) . Although some authors consider symptomatic patellofemoral arthritis an absolute (13) or relative contraindication to DFO (12, 16) , considering the theoretical mechanical advantages and Zarrouk's results, moderate patellofemoral arthritis may not be considered an absolute contraindication to DFO (15, 17) .
DFO can be associated with other concomitant procedures. Cameron et al. compared outcomes of simple DFO and DFO associated with joint preservation techniques (osteochondral allograft transplantation and/ or meniscal allograft transplantation) and demonstrated a higher survivorship in the second group (five-years survivorship: 74% in the arthritis group and 92% in the joint preservation group) (10) .
In patients with valgus deformity and ligamentous i n s t a b i l i t y a D F O a s s o c i a t e d w i t h l i g a m e n t o u s reconstruction, in one or two stages, should be considered. As well as for HTO (18) , some authors proposed DFO to treat valgus knee arthritis and instability. Hetsroni et al. experimentally demonstrated that opening wedge DFO may decrease medial opening in patients with medial collateral ligament (MCL) incompetence. They reproduced, on cadaveric specimens, progressive knee instability sequentially sectioning the superficial MCL, the deep MCL and the anterior cruciate ligament (ACL) and then evaluated valgus instability before and after opening-wedge DFO. After DFO, medial opening at 30° of flexion significantly decreased when superficial MCL was transected. The authors concluded that hamstring tendons, semimembranosus tendon and the iliotibial band may play a role in the reduction of instability after DFO (19) .
Pre-operative range of motion (ROM) should always be evaluated: flexion contracture greater than 15° and knee flexion less than 90° are usually considered contraindication to knee realignment procedures (13) .
DFO is absolutely contraindicated in presence of tri-compartmental knee arthritis and severe articular disruption. In patients with inflammatory diseases, valgus knee deformity is common, but DFO is usually contraindicated. BMI greater than 30 kg/m 2 has been associated with worse outcomes after DFO (6) . Other common contraindications are very unstable knee and fixed valgus deformity greater than 20°, because it can be associated with severe ligamentous instability. Furthermore, DFO in patients with severe osteoporosis and nicotine use could be correlated with poor outcomes (12) (13) (14) 20) . Table 1 summarizes indications and contraindications to DFO.
Preoperative setting
A complete radiographic examination is mandatory to correctly plan the osteotomy. Standard radiographic assessment should include weight-bearing antero-posterior and lateral views, skyline view, Rosenberg view and a monopodalic weight-bearing long-leg view (12) . The Rosenberg view is helpful to evaluate the lateral and medial compartment cartilage wear and to evaluate deformity associated with cruciate deficiency, because the cartilage wear is typically located in the posterior tibial plateau (3).
To quantify the amount of valgus deformity in the preoperative planning is possible to calculate the mechanical axis as a percentage across the tibial plateau, considering the medial edge as 0% and the lateral edge 100%. Valgus is defined as mechanical axis that cross the tibial plateau beyond the 56% (20) .
The amount of the correction is the angle between the mechanical axis of the femur (a line from the center of the femoral head to the center of tibial plateau) and the mechanical axis of the tibia (a line from the center of tibial plateau and the center of talar dome) (20, 21) . Figure 1 shows a pre-operative planning for a DFO.
In literature, there is no uniform trend about the best amount of correction to achieve. Some authors considered contraindicated overcorrection in DFO (14, 22) . Dugdale et al. defined that the goal of DFO is mechanical axis at 48-50% of the tibial plateau (21) . However, Quirno et al., in a recent biomechanical analysis, reported that over-correcting valgus deformity better unload the lateral compartment and better restore the normal biomechanics compared to correction to neutral alignment. The authors concluded that overcorrecting the osteotomy of 5° normalize contact pressure and contact areas in the lateral compartment (23) . Similarly, others authors reported good clinical outcomes with valgus deformity over-correction (mechanical axis goal at 40-41% of tibial plateau) due to lateral compartment unloading and medial muscles' forces neutralization (20, 24) .
The Magnetic Resonance Imaging is helpful in diagnosing any chondral or ligamentous alterations. These evaluations are mandatory to confirm the absence of osteoarthritis in the medial compartment and to plan surgical procedures associated to DFO (i.e., ligamentous reconstructions, osteochondral transplantations, meniscal suture or regularization ) (10, 14) . 
Surgical techniques
In this section the main surgical techniques reported in literature will be briefly described: (I) medial closingwedge DFO; (II) lateral opening-wedge DFO; (III) others techniques (dome osteotomy and bi-planar osteotomy).
There is no clear indication for one technique over the others. However, O'Malley et al. contemplate the amount of correction to achieve to choose between opening-and closing-wedge osteotomy. If the correction is up to 10°-12° they prefer lateral opening-wedge osteotomy. On contrary, for correction greater than 12° they usually perform medial closing-wedge osteotomy (12) . However others authors consider surgeon preference and confidence with the surgical technique to indicate for a type of osteotomy over another (13, 20) . Independently from the surgical technique, it is advisable to perform knee arthroscopy before the osteotomy. The arthroscopy allows to confirm the integrity of medial and patellofemoral compartments and to perform any intra-articular procedures such as treatment of meniscal lesions, microfractures or mosaicplasty for chondral defects (14, 25) .
Medial closing-wedge osteotomy
A medial-side distal femoral approach is normally used with a skin incision starting 2 cm distal to the medial epicondyle and extending 15 cm proximally. The fascia over the vastus medialis is incised and retracted laterally and anteriorly to expose the femoral shaft. The osteotomy is usually performed with a saw blade in the anterior portion and with an osteotome in posterior portion, ending 10 mm from the lateral cortex. A blunt retractor is positioned posterior to protect neurovascular structures during the osteotomy. With the same technique a second osteotomy is performed 1 to 5 mm proximally to achieve the desired correction (13) .
In 1988, McDermott et al. described their technique using a 90° blade plate. Theoretically, it is possible to achieve 0° of tibiofemoral angle positioning the 90° blade parallel to the trans-epicondylar axis and the plate parallel to the medial femoral cortex (26) . Healy et al. described their technique using three pins to guide the osteotomy: the first pin was placed perpendicular to the femoral shaft, 1-2 cm proximal to medial epicondyle. The second pin was placed at the level of the distal cut and formed, with the first one, an angle equivalent to the desired correction angle. The last pin was placed parallel to the second one but distal and anterior, and it was used as a guide for the osteotomy (27) . A similar technique was described by Learmonth using dedicate jig on the anterior tibia for check the alignment (28) .
Recently Forkel et al. (24) described their surgical technique: bone cuts were performed at the same way described by Healy et al. (27) but the osteotomies were fixed with locking plates. This fixation may increase the stability of the osteotomy and reduce the time of post-operative weight bearing limitation (13, 24) .
Lateral opening-wedge osteotomy
Lateral opening-wedge DFOs have been developed more recently and they are characterized by several theoretical advantages: single bone cut, better control of correction, more anatomic correction and decreased risk of vascular injuries. Furthermore, some authors suggested that a lateral plate may acts as a tension band, with mechanical advantages compared to medial plates (14) . However, there is an increased risk of malunion and non-union and potential hardware intolerance for irritation of the lateral structure of the knee (10) .
Usually a 12-15 cm skin incision is performed from the lateral epicondyle and proximally extended. Then, the iliotibial band is incised, the vastus lateralis is elevated from inter-muscular septum and the distal femoral diaphysis and meta-diaphyseal flare are exposed (20) .
If concomitant intra-articular procedures have to be performed, the approach may be extended as lateral peripatellar one (12) . Puddu et al. described their original technique developing a T-shaped tooth plate for the fixation of the osteotomy. More recently, a new version was developed allowing for locking screw fixation. With the knee in extension a guide wire is drilled from 2-3 fingerbreadths above to the lateral epicondyle to few millimeters proximal the medial epicondyle, with an inclination of about 20° (14) . The osteotomy is performed in the lateral portion with an oscillating saw blade and then carefully completed with osteotomes preserving at least 1 cm of medial cortex. Then, the osteotomy can be gradually opened until the desired correction is achieved (12, 14) . The osteotomy is stabilized with the plate with the "tooth" of the same size of the wedge, and it is fixed with screws. Post-operatively, the authors suggested immobilizing the knee in full extension or 10° of flexion when standing. The patients are kept nonweight-bearing for 6 weeks, then partial weight-bearing is allowed for 2 weeks and full weight-bearing is allowed 8 weeks after surgery, after radiological confirmation of Ann Joint 2017;2:31 aoj.amegroups.com osteotomy healing (14) . Figure 2 shows a post-operative x-ray of a lateral opening wedge osteotomy. Recently, other authors described similar surgical techniques using the TomoFix Plate (Synthes ® ) (12, 20, 29) .
This fixation system is more stable compared to Puddu plate, allowing for early weight bearing. Some authors described an increased risk of soft tissue irritation using the Tomofix plate (30) . However, no clinical differences were reported in literature. In literature, the use of graft to fill the gap in openingwedge osteotomy is still debated. Puddu used tri-corticocancellous graft from the ipsilateral iliac crest in gaps greater than 7.5 mm (14) . Many grafts have been described: bone allograft, bone autograft and synthetic bone substitution (bone cement, hydroxyapatite, β-tricalcium phosphate). These grafts can be enhanced with plateletrich-plasma (PRP), growth factors, and bone marrow stromal cells. Encouraging results have been reported with these techniques but they are still experimental (31) . Iliac crest autograft is still considered the gold standard but, considering donor site morbidity, bone substitutes may be a good option, despite the concerns about mechanical properties and biological degradability.
In recent descriptions of their surgical techniques Mitchell (20) suggested the use of cancellous demineralized bone matrix allograft while O'Malley (12) reported the employ of wedges harvested from femoral head allograft.
However, the authors did not describe any comparison with other grafts.
Others surgical techniques
Dome osteotomies are cylindrical osteotomies that rotate around a central axis. Using a Center Of Rotation of Angulation (CORA) at the level of the knee joint is possible to perform a distal femoral focal dome osteotomy achieving deformity correction without leg length variations. Moreover, bone cuts are completely congruent with big contact surfaces allowing increased healing rate (32) . Nevertheless, only few reports in literature described the outcomes of femoral dome osteotomies.
In 2010 Brinkman et al. described bi-planar osteotomy. The theoretical advantage is to create a larger surface at the site of osteotomy with increased stability and stiffness (25) . The bone cuts are performed similarly to a medial closingwedge osteotomy, but only in the posterior three fourths of the femur. The osteotomy is then completed with an additional oblique ascending bone cut on the anterior surface of the femur (25) .
Brinkman et al. in their biomechanical study confirmed an improvement in axial stability but a decreased stability under torsional loading using this technique (33) . Recently good clinical outcomes with biplanar osteotomy were reported in literature (7). 
Complications
The correct patients' selection and evaluation of surgical risk are mandatory in preventing complications after DFO (35) .
Injury to the popliteal neurovascular bundle is the most severe complication of DFO but fortunately the rate of occurrence is very low, as described by Georgoulis et al.
(2 vascular injuries in 250 patients) (36, 37) . Kim et al. analyzed the distance between the popliteal artery and the posterior cortex of the tibia in fresh-frozen cadaveric lower extremities, concluding that neurovascular structures are farther from the tibia with the knee at 90° of flexion (36) . Most of the authors suggest performing the osteotomy with the knee flexed, with attention to the position of blunt retractors to avoid neurovascular damages (12, 14, 20) .
Intra-operatively, surgeons must be careful also to uncontrolled propagation of fractures through the articular surface or the far cortex. If the pin is positioned too close to the joint or if the surgeon does not leave enough bone on the medial hinge, the fracture risk increases significantly. This kind of injury is more frequent in opening wedge technique compared to closing wedge. When medial hinge disruption occurs the surgeon can fix it with a contralateral screw or staple (14) .
Rates of major post-operative complications are comparable with HTO and total knee prosthesis (3). Willey et al. (38) reported 20% of major complications in 78 patients (joint contracture 9%, hardware failure 9% compartment syndrome and loss of correction 2%, intra-articular fractures 4%). Deep venous thrombosis is a relatively common complication with greater risk 3-4 days after surgery and is reported ranging from 0% to 10.8% (35) .
With respect to others postoperative complications, heterogeneous results have been reported in literature. Edgerton et al. analyzed 24 patients and observed non-union in 25% of patients and loss of correction in 21% (39). Mathews et al. reported that 57% of 21 patients had complication after DFO: severe knee stiffness (48%), non-union-delayed union (19%), infection (10%) and fixation failure (5%) (40) . Jacobi et al. analyzed 14 patients treated with opening wedge DFO fixed with TomoFix Plate and they described high rate of delayed osteotomy healing. All of the osteotomies were not healed at 6 weeks, only 50% had sufficient consolidation at 3-month and, at 6-month, 14% of patients showed persisting insufficient healing. They did not find any significant correlations between the amount of correction or the use of bone graft and the delayed consolidation of the osteotomy. They also reported plate intolerance in 86% of patients. For these reasons this procedure has been abandoned by the authors and they adopted closing wedge technique as treatment of choice (29) .
If we analyze more recent papers in literature nonunion trend is decreasing. Ekeland et al. reported that in their study 75% of 24 osteotomies healed in 3 months and the rest within 6 months (30). Forkel et al. observed that 5% of the patients had revision surgery for delayed union or nonunion of the osteotomy (24) . Most of the authors reported higher non-union rate in opening-wedge than in closing wedge DFOs (22, 24, 30) .
Hardware intolerance in opening-wedge DFO is a frequent complication: Saithna et al reported that 76% of 21 patients underwent further surgery and the most common of which was plate removal (22) . Ekeland et al. reported that less than half of Puddu Plate in their study had to be removed for tissue irritation (30) . The TomoFix Plate is larger and more stable than the Puddu Plate but it gives more local soft tissue irritation and has frequently to be removed. The high frequency of hardware removal should be preoperatively discussed with patients (10).
P o s t -o p e r a t i v e i n f e c t i o n i s a n o t h e r p o s s i b l e complication. Anagnostakos et al. reported, in their review, a comprehensive rate of superficial infection from 1% to 9% and deep infection from 0.5% to 4.7% (41) . Infections are more common with external fixation compared to other techniques, pin tract infections are reported between 2% and 71%, most of them can be managed with antibiotic therapy (35) .
Results
In literature there are limited and highly heterogeneous papers describing the outcomes of both opening and closing-wedge DFO (7).
Good results are reported for closing wedge DFOs at 10 years of follow up with survival rates ranging between 64% (42) and 89.9% (43 (9) reported survival rate of 52.5% at the same follow-up. A recent review confirm the significantly increasing of failure rates in follow-up longer than 10 years (7).
Good survival rate at 5-year follow-up are reported in literature also for opening-wedge DFO, ranging from 74% to 100% (11, 15, 22, 34, 44, 45 All the osteotomies in the first group healed within nine months while there were four cases of non-union in the second group. They concluded that this difference was not statistically significant but seems that it could be significant if more patients were enrolled in the study (47 In patients with failed DFOs, performing a total knee arthroplasty (TKA) is an highly demanding procedure with an increased risk of poor results (7) . In literature only few authors reported the outcomes of TKA after DFO (48) . DFO results in the creation of an extra-articular deformity close to the knee with relative proximal translation of the medial femoral condyle. Because of this, it is often required a greater amount of resection from the lateral condyle to achieve proper balance for prostheses implantation (49) . Sometimes, intra-articular correction may lead to ligamentous instability not correctable with ligament release and constrained condylar prostheses are needed (48) . Moreover, the displacement of the intercondylar notch, may lead to a challenging identification of the entry point of intramedullary guide (48, 49) .
On the basis of higher infection rate (10%) reported in TKA performed in post-traumatic knee arthritis (50), Nelson et al. recommended preoperative joint aspiration, intraoperative gram-staining, frozen section analysis and the use of antibiotic-impregnated cement in all patients undergoing TKA following DFO (48) .
Despite of an high demanding surgical technique, Nelson et al. and Kosashvili et al., in their analysis of respectively 11 and 22 TKA after DFO, reported a statistically significant increase in Knee Society Score and Knee Function Score but functional benefits of arthroplasty may be limited as compared with primary arthroplasty (35, 48, 49 
Conclusions
Fewer reports describing DFO are available in literature compared with HTO, probably because valgus deformity is less common. The main indication to DFO is valgus deformity of the knee and isolated lateral knee arthritis in young and active patients. DFOs are normally contraindicated in presence of inflammatory diseases, tricompartmental arthritis, severe articular disruption, valgus deformity greater than 20°, flexion contracture >15° and knee flexion <90°. DFO has most often been performed with medial closing-wedge, with survival rates ranging between 95% (26) at 4-year and 52.5% (9) at 15-year follow-up.
Because of success of opening wedge HTO, different authors began to perform lateral opening-wedge DFOs, with survival rate ranging from 100% (11) at 6-year to 74% (30) at 10-year follow-up.
Opening-wedge technique has the advantage of being easier to perform and allowing for a more precise correction, but there is an increased risk of non-union compared with closing-wedge technique. Nowadays, in literature, there is no clear superiority of one surgical technique over the others, and the osteotomy choice is largely surgeon dependent (2, 7) .
Recently, the interest in osteotomy increased for the possibility of association with cartilage restoration surgery (osteochondral or meniscus allograft), with possible better results compared to DFO alone (10) . One of the issues about DFOs is the method of osteotomy fixation, which may influence the outcomes. Different authors stated that a stable fixation is mandatory to achieve osteotomy healing (40) , metal plates are surely effective in obtaining rigid and stable fixation, but they require for extensive soft tissue damage. Conversely, external fixation is less invasive and allows for a gradual correction, but in site infection, restriction of ROM and discomfort are common (35, 41) . There are still some open debates in literature about the amount of correction to achieve, the use of bone grafts and post-operative protocol. Some authors consider contraindicated varus overcorrection (14, 22) while others authors reported good clinical outcomes overcorrecting the mechanical axis (24) .
Different bone graft used to fill the gap after openingwedge DFO are described in literature: allograft, autograft and synthetic bone substitution. Despite the absence of comparative studies, some authors suggest to use a bone graft to fill gap greater than 7.5 mm (14) . There are no studies comparing the healing rate using autograft, allograft or bone substitute.
With respect to post-operative programs, patients are usually kept non weight-bearing or partial weight-bearing until the osteotomy healing. Some authors allow early weight bearing using biplanar osteotomy (33) or fixing opening-wedge osteotomy with TomoFix Plate (12) .
In conclusion, DFO seems to be a reasonable option to treat painful genu valgum with association of lateral compartment arthritis in young or middle-aged patients. There are no proofs about the superiority of a surgical technique over the others. Both techniques showed good outcomes: the choice of one or another in dependent by the confidence of the surgeon.
TKA after a failed DFO presents more surgical challenges than a standard case, nevertheless showed satisfactory but inferior results compared to standard primary knee replacement, with an increased risk of complications and infection.
